rameters such as span to stiffness ratio, out-of-plane stiffness, stacking sequence on mechanical response of graphite epoxy composites under low velocity impact. Naik et al. [7] have investigated impact behaviour and post impact compressive characteristics of glass-carbon/epoxy hybrid composites with alternate stacking sequences. Morais et al. [8] have studied on the effect of the laminate thickness upon the resistance of carbon, glass and aramid fabric composites to repeated low energy impacts. They have obtained the results for the different fibre reinforced composites and results were correlated with the characteristics of the used fibres and fabrics.
Lee et al. [9] have investigated the response of hybrid laminated composites subjected to low-velocity impact using shear deformation theory. Results show that the fractional energy loss of two hybrid composite plates with same component ratio has different values according to stacking sequence. Caprino et al. [10] have carried out low velocity impact tests on carbon-fabric/epoxy laminates with different thicknesses. Finally, they have calculated the energy at delamination initiation by an analytical model, assuming that the total energy was shared in two parts, one of which was stored in flexure and the other in the material volume close to the contact zone. Onal and Adanur [11] have examined the tensile and flexural properties of glass-carbon fibre reinforced stitched hybrid composites after low velocity impact. They have also investigated the effect of stacking sequence and fabric ply angle with composite axis on the mechanical performance of impacted hybrid composites. It can be seen from this study that tensile failure mechanism of damaged plies was affected by the interaction of reinforcement property, hybrid order and ply angle.
Hwang et al. [12] have determined the essential parameters governing interlaminar fracture and damage of realistic laminated composites and to characterize a correlation between the critical strain energy release rates measured by interlaminar fracture and by low-velocity impact tests. Results show that the critical strain energy release rate is affected mainly by ply orientations. Reis and Freitas [13] have studied to determine the limit of capacity and the damage growth mechanisms of impacted composite laminates when subjected to compression after impact loading. The results showed that the compressive, after impact, failure stress were influenced by the stacking sequence but a relatively independent strain to failure. Caprino and Lopresto [14] have investigated the prediction of the penetration energy for fibre-reinforced plastics subjected to low-velocity impact and proposed a formula, useful for in-plane isotropic and moderately anisotropic composites. And this formula can also permit the comparison of impact data generated under different impact conditions. David-West et al. [15] have characterized the balanced carbon fibre laminates based mainly on repeated drop tests, assuming the interest was the use of a balanced lay-up and therefore to report the behaviour of these laminates to repeated impulsive loadings. They have found that the resistance to the impulsive force has been influenced by the stacking sequence and the crack path through the laminate. Hosur et al. [16] have investigated the response of four different combinations of hybrid laminates to low-velocity impact loading and results of the study indicate that there was considerable improvement in the load carrying capability of hybrid composites as compared to carbon/epoxy laminates with slight reduction in stiffness.
In the present study, the increasing impact energy was performed on glass/epoxy and hybrid composite (glass-carbon/epoxy) plates, and impact response of composite plates was investigated. The penetration and perforation thresholds of the composites were determined by using energy profiling diagram (EPD) with load-deflection curves. In order to assess the extent of failure processes, damaged specimens were also visually inspected and discussed.
PRODUCTION OF HYBRID COMPOSITE PLATES
The glass/epoxy and hybrid (glass-carbon/epoxy) composite plates were manufactured from unidirectional E-glass fabrics, unidirectional 50K Carbon fabrics and epoxy resin by hand lay-up method. Before manufacturing process, in order to remove moisture introduced into the fabrics during storage or machining, the fabrics were dried in an oven for 4 hours at 60 o C. The epoxy resin used was CY225 and hardener was HY225. The mixing ratio for resin-to-hardener in weight was 10:2. The layer configuration and properties of glass/epoxy (GG) and hybrid composite (glass-carbon/epoxy) (GC and CG) plates are given in Table 1 . The composite plates were cured in a lamination press for 2 hours, at 120 o C and at a constant 0.3 MPa pressure. And then, composite plates were cooled to the room temperature at the same pressure. After manufacturing process, the composite specimens with dimensions 100 mm x 100 mm were trimmed from the laminated plates.
IMPACT TESTING
In this study, Instron-Dynatup 9250 HV impact testing machine was used for impact testing. This testing machine consists of a dropping crosshead with its accessories, a pneumatic clamping fixture, a pneumatic rebound brake and impulse data acquisition system. The weight of crosshead can adjustable with drop mass and tup of the impactor has a 12.5 mm diameter hemispherical nose. The self-identifying load-cell capacity is 15.56 kN and the total mass of the impactor with its accessories was kept constant at 6.32 kg for all tests. The test machine has a pneumatic rebound brake system to prevent the repeated impact on specimens. Impulse data acquisition system records the electronic signals and converts them into the impact parameters.
EXPERIMENTAL RESULTS AND DISCUS-SION
Firstly, impact tests were performed on glass/epoxy (GG) specimens until complete perforation of specimens. And also, impact tests were separately performed on both GC and CG hybrid composite specimens because of the fact that rigidity of carbon fibres is higher than that of glass fibres. Therefore, to examine the impact response of surfaces with glass fibres and with carbon fibres, hybrid composite plates (GC and CG) were subjected to increasing impact energy up to complete perforation of specimens. The schematic illustration of impact on composite plates is depicted in Fig. 1 . In the following paragraphs, load-deflection curves of composites, energy profiling diagram, several images of damaged samples and damage process are depicted.
In Fig. 2 , the impact characteristics of GG, GC and CG composites, such as peak force, deflection, penetration threshold and perforation threshold are depicted. These parameters are important impact characteristics of composite plates subjected to impact loading. The values of peak force and deflection increase with increasing the impact energy until perforation threshold. The perforation threshold is a critical energy level for composites due to the most important damage stage. As seen from the Fig. 2 , CG has the highest impact characteristics according to other composites.
Load-deflection (F-d) Curves
The load-deflection (F-d) curves give significant tips regarding the impact behaviours of composite laminates during an impact event. In Fig. 3 , the typical load-deflection (F-d) curve of the CG hybrid composite at different levels of impact energy is shown. Individually, each curve has an ascending section of Table 1 : The layer configuration and properties of glass/epoxy (GG) and hybrid (glass-carbon/epoxy) composite plates (GC and CG) loading, reached a maximum load value and a descending section of unloading. The ascending section of load-deflection curve is called as bending stiffness due to the resistance of the composite to impact loading, and at this section as the maximum load value reached the highest maximum load; this value is called as peak force.
TABLES
Typical load-deflection curves of the composite plates subjected to impact loading have three situations, including rebounding, penetration and perforation. And also, load-deflection curves, in general, can be classified as; closed type curve and open type curve. The rebounding case results in closed curves indicating the rebounding of the impactor from the specimen surface. The closed type curves returns back towards the origin of the diagram after descending section from the maximum load or the peak force value. These curves are numbered as 1-7 for CG, as seen in Fig. 3 .
When the impact energy increases, closed type curves bound larger areas and deflection increases while rebounding section becomes smaller. As seen in Fig. 3 , specimen 7 is also of closed type curve but it is located in the transition point between closed type curves and open type curves. As the impact energy continuous to increase, the curve type changes from the closed type to the open one. Due to they have open type curves, the specimens 8 and 9 represent the perforated case, as seen in Fig. 3 .
Energy Profiling Diagram (EPD)
Impact energy (E i ) and absorbed energy (E a ) are important parameters to characterize the response of composite plates. The impact energy (E i ) can be defined as the energy introduced to a specimen from the impactor during an impact event. The absorbed energy (E a ) is defined as the entirely of energy absorbed by the specimen at the end of an impact event. The relationship between impact energy and corresponding absorbed energy can be shown in a diagram called as energy profile [17] . This diagram (EPD) is useful for comparing the impact and absorbed energies and also for identifying the penetration and perforation thresholds of composites. From the energy profiling diagram, the effects of stacking sequences and fibre orientation angle on the impact response of composite plates may be carried out along with corresponding load-deflection curves and images of damaged specimens.
The absorbed energy of a composite specimen can be calculated from the area enveloped by the closed curves for non-penetrated or non-perforated specimen. When the specimen perforated by impactor, open type load-deflection curve has a friction section induced between the impactor and specimen at the end part of descending section. This section is called post-perforation friction section, and this section must be removed from the load-deflection curve to calculate the accurate absorbed energy. Therefore, open type load-deflection curve should be bounded by an extending line to horizontal axis, such as shown as the dashed line in Figs. 9 and 10.
The test data obtained for both GG-GC and GC-CG specimens are illustrated in the energy profile dia- The energy profile diagram of GG and GC composites is given in Fig. 4(a) . As seen from the diagram, the excessive energies (the difference between impact energy and absorbed energy) of these composites are equal up to 50 J. This excessive energy is retained in the impactor and used for rebounding at the end of impact event. In the diagram, up to data point 8, excessive energy is decreased while impact energy is increased for GG. At the data point 8, penetration takes place and then approximately around the data point 9 perforation takes place for GG.
As for GC hybrid composite, all data points are below the equal energy line and excessive energy is equal with GG composite. The excessive energy is of the highest value, at data point 2 for GC. After this point, up to penetration point, i.e. 6, excessive energy decreases when impact energy is increased.
In Fig. 4(b) , the energy profile diagrams of GC and CG hybrid composites are given. As can be seen in the diagram, CG hybrid composite has not an obvious penetration and perforation thresholds. There is a slight difference between penetration and perforation thresholds [see also Ref. 18 ], due to the fact that all data points are below the equal energy line. So, data point 7 (E i =66.8 J) is assumed to be penetration point and data point 8 (E i =69.5 J) is assumed to be the first point for a complete perforation of CG hybrid composite.
Failure Process
The failure processes of damaged composite specimens were evaluated for front (impacted) side and back (non-impacted) side by visual inspection. Along with visual inspection, cross-sectioning of damaged specimens were also examined in order to observe the damage between adjacent glass/carbon interfaces. In general, impact damage modes consist of indentation, matrix cracking, delaminations between adjacent layers, fibre pullout and fibre breakages. In the following paragraphs, for understanding of damage modes, several images of damaged specimens were compared with the load-deflections curves, and explained respectively for GG, GC and CG specimens.
For lower impact energies (less than approx. E i =35 J), the primary damage mode is indentation-induced matrix cracking on impacted surface of composites. There are minor matrix cracks at impacted side while some delaminations and fibre pullouts occur at the back side of GG and GC specimens. However, for CG specimens, there is only indentation and matrix cracking at impacted side, and also some delaminations take place in glass layers at the nonimpacted side.
An Experimental Investigation on the Impact Behaviour of Glass/Epoxy and Hybrid Composite Plates
As the impact energy increased (between 35 J and 55 J), load-deflection curves of composites expand in the positive direction of horizontal axis and damaged composites absorb more impact energy as expected. As seen from Figs. 5(a) and (b), fibre breakages increased through thickness and some glass fibres pulled out from the last lamina for GG composite. In Fig. 6(b) , as seen the sectioning of damaged specimen 5; due to the bending and indentation, fibre breakages increased and its progression developed through thickness of glass layers, and 0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00 10,00 11,0 10,00 0,00 1,00 2,003,00 4,00 5,00 6,00 7,008,00 9,0010,00 11,00 12,00 13,00 14,0 finally all glass fibres were fractured. Because of the nose of tup reached the carbon lamina at bottom (non-impacted side), fibre pullout took place at the last lamina of GC, as seen Fig. 6(a) . The fibre breakage lowered the bending stiffness of CG hybrid composite, and it was seemed as a plateau on the F-d curve. For example, as seen the image of damaged specimen 4, fibre breakage right under the contact-impact zone increased at the impacted side when delaminations and fibre pullout directed in 0 o at the non-impacted side for the CG specimen (Fig.  7) .
As the impact energy continued to increase (between 50 J and 65 J), penetration and perforation took place for GG and GC composites. The penetra-Metin SAYER, Numan B. BEKTAŞ, Onur SAYMAN, Muzaffer TOPÇU tion threshold can be defined as the energy level that the impactor sticks into the specimen for the first time and does not rebound from the specimen surface any more. As seen in Fig. 4(a) , data points 6 and 8 represent for the penetration threshold for GC and GG composites, respectively. Due to the nose of impactor sticks into the specimen, all glass-carbon fibres or glass fibres are damaged through the thickness for GC and GG composites. For the penetration case of GG, load-deflection curve and image of damaged specimen 8 is shown in Fig. 8 .
When the penetration took place, data points 6 and 8 in the energy profile diagram should be very close to perforation threshold for GC and GG composites, respectively. The perforation threshold can be defined as the energy level that the impactor passes through the thickness of the specimen for the first time resulting in a permanent catastrophic damage to the specimen. After these data points 6 and 8, a complete perforation took place, and there is only friction between the impactor and specimen due to post-perforation. In Figs. 9 and 10, complete perforation cases of GC and GG composites, and loaddeflection curves and image of damaged specimens are shown, respectively. As seen from the image of damaged specimen 6, all carbon and glass fibres were damaged through the thickness due to the bending while delamination areas expanded in interior glass layers and directed in 0 o at the non-impacted side for the CG (Fig. 11) .
When the impact energy further increased (between 65 J and 70 J), perforation took place for CG hybrid composite. As seen in Fig. 4(b) , data point 7 (E i =66.81 J) is penetration point and data point 8 (E i =69.54 J) is the first point for a complete perforation of CG hybrid composite. As seen from the image of damaged specimen, all carbon fibres and glass fibres are damaged through the thickness while propagation of delaminations increased at the interior layer, as seen in Fig. 12 . 
CONCLUSIONS
This experimental study deals with the investigation of impact response and damage process of glass/ epoxy and hybrid (glass-carbon/epoxy) composite plates. The following conclusions can be drawn from the tests:
• For lower impact energies (up to 35 J), impact events are elastic and excessive impact energy is used for rebounding of impactor. As the damaged specimens are visually inspected, minor matrix cracking and some delaminations are observed on glass surface while there are only indentation and matrix breaks on carbon surface of impacted side of specimens. However, as the impact energy increase, fibre failures are observed to be as the dominant damage mode.
• The excessive energy of CG hybrid composite plates is higher than those of both GC hybrid composite plates and GG composite plates when the surface with carbon fibres of hybrid composite plates (CG) becomes impacted surface. It is found that the energy absorption capability of CG hybrid composite is smaller than the GG and GC composites. But, CG has not an obvious penetration and perforation thresholds.
• The perforation threshold of hybrid composite impacted from surface with carbon fibres was found approximately 30% and 15% higher than those of surface with glass fibres of hybrid plates and glass/ epoxy plates, respectively.
• As the adjacent glass/carbon interfaces are bounded well, delamination decreases more. As a result of this, it seems that the delamination was approximately not occurred between the glass fibres and carbon fibres.
